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xposure of mammalian cells to UVB radiation (290-320 nm) results in a signaling response called the UV response (1) (2) (3) . This response was shown to involve two major pathways. One that is initiated in the nucleus where UVB is absorbed by DNA and the subsequent formation of DNA photoproducts such as cyclobutane pyrimidine dimers are thought to represent the initiating signaling step (4) (5) (6) (7) (8) . Cell enucleation experiments, however, have clearly demonstrated that a second part of the UV stress response occurs independently of nuclear DNA damage and is characterized by cell surface receptor clustering and subsequent activation of members of the MAPK (1) . Activation of MAPK is relevant for UVBinduced skin inflammation and photocarcinogenesis (9) (10) (11) (12) (13) . In particular, UVB-induced MAPK activation leads to increased expression of cyclooxygenase-2 (COX-2), the key enzyme in conversion of arachidonic acid to prostaglandins (14, 15) and COX-2 inhibition reduces UVB-induced skin tumor formation (16) . The nature of the chromophore responsible for these nonnuclear UVBinduced signaling events has so far been enigmatic.
The arylhydrocarbon receptor (AhR) was discovered as a cytosolic, ligand-dependent receptor that mediates toxicity of polycyclic aromatic hydrocarbons (PAH) [e.g., benzo(a)pyrene] and halogenated PAH [e.g., tetrachlorodibenzo(p)dioxin (TCDD)] (17, 18) . Numerous studies have provided conclusive evidence that all known toxic responses to TCDD are conveyed by the AhR (19, 20) . Upon ligand binding, the AhR sheds its chaperones Hsp90 and associated proteins such as c-src (pp60 src ) (21) , translocates into the nucleus where it dimerizes with its partner ARNT and activates genes including the xenobiotic metabolizing enzyme cytochrome P450 (CYP) 1A1. Dissociation of c-src from the ligand-activated receptor induces c-src translocation from the cytosol to the cell membrane, where it is thought to activate the receptor for EGF (EGFR) (22, 23) . Activation of the AhR in the cytoplasm thus leads to signaling in two directions: toward the nucleus and toward the cell membrane.
We have hypothesized that AhR signaling is part of the UVB response, because not only known AhR ligands, but also exposure of rat and human skin to UVB induces AhR-dependent CYP1A activity and CYP1A1/1B1 mRNA and protein expression, respectively (24, 25) . Also, transcriptional expression of CYP1A1 can be induced by UVB radiation in human cells in vitro (26) . We have speculated that the AhR may transfer the UVB signal required for CYP1A1 expression from the cytoplasm to the nucleus and, e.g., via translocation of src kinase, to the cell membrane. Accordingly, src kinase activation is a prerequisite for important parts of the UV stress response, in particular the induction of c-jun (27) and the phosphorylation of extracellular signal-regulated kinase (ERK1/2) (28) .
In this study, we demonstrated the intracellular formation of the AhR ligand 6-formylindolo [3,2-b] carbazole (FICZ) from the chromophore tryptophan and provide the evidence that (i) UVB irradiation translocates the AhR into the nucleus and induces CYP1A1 gene expression, (ii) the UVB-activated AhR additionally transfers the UVB signal to the cell membrane where it initiates EGFR internalization and EGFR dependent ERK1/2 phosphorylation, and (iii) this signaling pathway is of in vivo relevance because AhR KO mice show a compromised UVB responsiveness. Thus, AhR signaling is an integral part of the UVB stress response. plasm into the nucleus. To test our hypothesis that also UVB irradiation, similar to known AhR ligands, translocates the AhR from the cytoplasm into the nuclear compartment, cells from the immortalized keratinocyte cell line HaCaT were transfected with a GFP-coupled AhR. Exposure of HaCaT cells to 10 mJ/cm 2 UVB led to nuclear accumulation of the AhR-GFP fusion protein. In contrast to UVB, UVA radiation (30 J/cm 2 ) did not cause AhR translocation, indicating wavelength dependency (Fig. 1A) . Similarly, immunoprecipitation and Western blot analyses of nuclear proteins of UVBirradiated HaCaT cells showed abundant amounts of native AhR protein, whereas less AhR protein was found in the nuclear compartment of sham-irradiated controls (Fig. 1B) . UVB-induced AhR translocation was associated with transcriptional activation of CYP1A1 (Fig. 1C) . To assess whether UVB-induced CYP1A1 expression was AhR-dependent, we next treated HaCaT cells for 1 h before irradiation with the competitive AhR inhibitor 3Јmethoxy-4Јnitrof lavone (MNF, 10 M), that specifically targets the AhR ligand-binding site (29) . MNF pretreatment caused an inhibition of UVB-induced CYP1A1 mRNA expression (Fig. 1C) . To corroborate this finding, we generated AhR knockdown HaCaT (AhR KO) cells [see supporting information (SI) Fig. 7 ]. AhR knockdown abolished the capacity of these cells to increase CYP1A1 mRNA expression upon UVB exposure, whereas the vector and control nonsilencing (n.s.) cells remained unaffected (Fig.  1C) . These data indicate that UVB radiation-induced translocation of the AhR from the cytoplasm into the nucleus leads to increased expression of an AhR-dependent gene in a ligand-dependent manner. Therefore, we next investigated the relevance of UVB-induced AhR activation for EGFR internalization by immunocytochemistry in UVB-irradiated HaCaT cells. Irradiation of AhR KO cells prevented UVB radiation-induced EGFR internalization ( Fig. 2A) . In addition, phosphorylation of EGFR-dependent MAPK ERK1/2 (30, 31) was antagonized by AhR knockdown (Fig. 2B) , leading to inhibition of UVB-induced COX-2 mRNA and protein expression (14) (Fig. 2 C and D) . The same results were obtained when the AhR was inhibited with MNF (SI Fig.  8 A-D) . These results indicate that activation of AhR signaling triggers UVB-induced EGFR activation and subsequent downstream signal transduction events.
The exact mechanism by which the AhR transfers the signal to the EGFR is not known. We observed that inhibition of src kinase by PP2 (10 M) is associated with inhibition of UVBinduced EGFR internalization, ERK1/2 phosphorylation (28) and COX-2 mRNA and protein induction (see SI Fig. 9 A-D) , suggesting that c-src acts as the mediator between AhR and EGFR (21) (22) (23) .
The Role of Tryptophan in AhR-Activation by UVB. It has been shown that tryptophan is a chromophore for UVB and that, under ex vitro conditions, UVB irradiation of tryptophan leads to the formation of FICZ, which is a high-affinity AhR ligand (32, 33) . To determine the functional relevance of tryptophan photoprod- uct formation for UVB radiation-induced AhR-dependent signaling, we studied UVB-induced AhR-dependent responses in HaCaT cells that were incubated in tryptophan-free medium for 4 h before irradiation. Tryptophan starvation reduced the intracellular free tryptophan level from 0.3 M/liter to undetectable levels (see SI Fig. 10 ). These tryptophan-deficient cells were compromised in their capacity to elicit a UVB response, as is shown for UVB-induced CYP1A1 (Fig. 3A) and COX-2 (see SI Fig. 11 ) mRNA expression as well as EGFR internalization (Fig.  3B ). This failure to mount a UVB response could be overcome if tryptophan (1 mM) was added back to the culture medium of tryptophan-starved cells 1 h before irradiation (Fig. 4 A and B) . GC-MS analyses revealed that this reintroduction of tryptophan led to an approximately 5-fold increase (1.6 M) in free intracellular tryptophan concentration compared with the cells grown in normal medium (see SI Fig. 10 ). These data corroborate our previous notion that UVB radiation-induced CYP1A1 induction is tryptophan-dependent (26) .
Identification of the Endogenous Formation of the Tryptophan Photoproduct FICZ.
The intracellular formation of tryptophan photoproducts like FICZ may be one prerequisite for endogenous AhR activation and initiation of the AhR-dependent UVB response as described above. So far, the generation of FICZ, the photoproduct with the highest AhR affinity, has been shown only ex vitro. To assess whether UVB causes the formation of FICZ in vivo, HaCaT cells were tryptophan-starved for 6 h and subsequently incubated with [ 13 C 11 15 N 2 ]tryptophan 1 h before UVB irradiation. After 10 min, cells were harvested after removal of extracellular tryptophan by thorough washing, and UVB-induced formation of FICZ was assessed in cell extracts by HPLC-MS-MS analyses. This method has a detection limit of Ϸ15 pM. To assure that UVB-induced FICZ formation was above this detection limit, we had to choose the experimental conditions described above, i.e., Trp-preloading and a high UVB dose, although they are nonphysiologic. As shown in Fig. 4 , UVB radiation led to the generation of Ϸ80 pM 13 C 15 N-labeled FICZ at the expected mass of 305.3, which corresponds to a conversion rate of 0.0001%. Thus, UVB irradiation causes the formation of the tryptophan derivative FICZ in vivo in human cells.
Cellular Signaling Induced by the Tryptophan Photoproduct FICZ in
HaCaT Cells Is AhR-and c-src-Dependent. Previous work showed that FICZ induces Cyp1a1 in mouse hepatoma cells (34) . Because AhR activation is cell type-specific (35), we next asked whether this CYP induction also occurs in HaCaT cells and whether there is AhR-dependency. Therefore, we treated AhR KO cells with FICZ (100 nM) and measured CYP1A1 mRNA induction by real-time RT-PCR. In contrast to vector and n.s. transduced cells, CYP1A1 is not inducible by FICZ in AhR-deficient cells indicating that FICZ induces CYP in HaCaT cells in an AhRdependent manner (see SI Fig. 12 A) .
Next, we assessed whether FICZ is also involved in membranedependent signal transduction. Immunocytochemical analyses in AhR KO HaCaT cells revealed that EGFR internalization after treatment with FICZ for 30 min is AhR dependent (Fig. 5A) . Interestingly, this FICZ-induced EGFR translocation cannot only be inhibited by AhR KO, but also by pretreatment of the cells with PP2 (10 M) for one hour indicating that the effect is also c-src-dependent (see SI Fig. 12B ). These findings were confirmed by analyses of the EGFR downstream target COX-2: mRNA analyses of FICZ treated AhR-proficient HaCaT cells disclosed that FICZ induces COX-2 in a dose-dependent manner (see SI Fig. 12C ). Experiments in AhR KO cells confirmed an AhR dependence of COX-2 induction by FICZ on mRNA and protein levels (Fig. 5 B and C) as well as a c-src dependence as shown by pretreatment of the cells with PP2 (10 M) (see SI Fig.  12D ). Moreover, exposure of HaCaT cells for 1.5 h to FICZ in the lower picomolar range caused significant CYP1A1 and COX-2 mRNA induction (see SI Fig. 12 E and F) . Longer incubation periods (4 h) did not cause gene induction at these low concentrations, confirming observations that FICZ is rapidly metabolized (34) . These data suggest that FICZ may be one of the photoproducts responsible for the AhR-dependent cellular signaling responses toward the nucleus and toward the cell membrane. Furthermore, the signaling effects of FICZ mimic the cellular responses observed after UVB irradiation strongly implying that the AhR serves as a cytoplasmatic target which transfers the UVB signal, e.g., FICZ as one of the photoproducts generated from cytoplasmatic free tryptophan, from the cytoplasm to the nucleus and also to the cell membrane.
In Vivo Relevance of UVB-Induced AhR Activation. To assess the in vivo relevance of the AhR signaling pathway in the UVB response we have conducted comparative studies employing C57BL/6 mice and AhR KO mice. Two mice of each genotype were irradiated with 600 J/cm 2 UVB. Twelve hours after irradiation, the skin was excised, the RNA prepared and RT-PCRs for Cyp1a1 and Cox-2 gene products performed. These end points were chosen because changes in gene expression of CYP1A1 and COX-2 can serve as suitable endpoints to reflect AhR-mediated nuclear and membranous signaling induced by UVB irradiation, respectively ( Figs. 1 and 2 ). As is shown in Fig.  6 , UVB irradiation induces Cyp1a1 and Cox-2 mRNAs in wild-type but not in AhR KO mice. Thus, AhR signaling appears to be involved in the UVB stress response in vivo as well.
Discussion
Although the consequences of the cellular stress response after UV irradiation are well described (1-3, 36, 37), the chromophore for UV that initiates cell surface receptor and subsequent MAPK activation has so far been inscrutable (38) . It has previously been proposed that parts of the EGFR activation are mediated by UVB-induced reactive oxygen species, which directly inhibit protein tyrosine phosphatase activities (39) . In this study, we demonstrated for the first time the intracellular generation of the endogenous AhR ligand FICZ from the chromophore tryptophan by UVB irradiation and provide evidence that FICZ may be one of the photoproducts initiating signaling events, which are transferred to the nucleus and the cell membrane via activation of the cytoplasmatic AhR. In vivo studies in AhR KO mice indicate that these in vitro findings are physiologically relevant.
The observation that UV radiation has the ability to induce Cyp1A1 enzyme activity in the skin was first made by Mukthar et al. (24) in rats. Subsequent in vitro studies in mouse liver cells demonstrated that the UVB-induced increase in Cyp1a1 was enhanced by additional offer of tryptophan before irradiation and absent in AhR deficient mouse liver cells (26) . AhR signaling is highly cell and tissue specific (35, 40, 41) . In the present study we confirm and extend the previous studies by showing that (i) UVB irradiation of HaCaT keratinocytes induces CYP1A1 mRNA expression, (ii) this response can be inhibited through tryptophan depletion of cells, or (iii) by directly interfering with AhR signaling, i.e., AhR knockdown or the addition of a competitive AhR antagonist. Taken together these studies clearly show that the AhR is critically involved in UVB-induced CYP induction.
Rosette and Karin (2) proposed the model of growth factor receptor activation as the initiating step of the nonnuclear part of the UV stress response. Our observations extend this model by demonstrating that part of the UVB-triggered growth factor activation is initiated in the cytoplasm of mammalian cells through activation of the AhR (Fig. 2) . Growth factor activation through the "classical" AhR ligand TCDD was observed earlier in keratinocytes (42) , cervical cells from macaques (43) and in rat liver epithelial cells (22) . In the two latter studies, the tyrosine kinase c-src was found to be responsible for the observed growth factor receptor activation after ligand binding to the AhR complex. These findings support the observation from Enan and Matsumura (21) who identified c-src as an integral component of the cytosolic AhR complex which transduces the signal of TCDD through the protein phosphorylation pathway. EGFR activation causes the formation of prostaglandins via an induction of COX-2 protein (14, 44) . We have shown earlier that COX-2 induction after TCDD exposure in vivo is AhRdependent and that this induction is independent of specific AhR-binding elements (xenobiotic response elements, XREs) in the COX-2 promoter. Experiments with c-src KO animals, however, showed that elevation of COX-2 mRNA-levels after AhR activation is c-src dependent (45) . In this respect it is of importance that also the mammalian UV response is triggered by src kinase activation (27) . Our data now demonstrate that UVB irradiation, like TCDD, triggers AhR activation and thus corroborate the previous findings made after TCDD exposure. We also show that the UVB-induced EGFR activation and downstream signaling are AhR-dependent and requires src kinase. However, the precise mechanisms by which the AhR leads to EGFR activation and the integration of c-src in this signaling pathway remain to be elucidated.
Prompted by the observations that UVB irradiation induces CYP not only in the skin, but also in extracutaneous organs in vivo (24, 25, 46, 47) , the intracellular generation of CYP-inducing photoproducts was proposed. Indeed, tryptophan products which were generated by irradiating an aqueous solution of tryptophan with a UVB source were found to be strong AhR ligands (32) . Further characterization of these photoproducts revealed FICZ as one of the products with a very high AhR binding affinity (K d ϭ 7 ϫ 10 Ϫ11 M) (33) that induces CYP1A1 when administered to cells in vitro (48) . So far, the formation of FICZ was shown only ex vitro in cell-free solutions, and it was not known whether FICZ can be generated in living cells and possibly trigger UVB-induced signaling. This study demonstrates the formation of FICZ in UVB-irradiated HaCaT cells (Fig. 4) and provides evidence that this may be one of the photoproducts involved in endogenous AhR activation ( Fig. 5 and SI Fig. 12 ) (26) . Accordingly, we studied signal transduction in HaCaT cells after (i) depletion of tryptophan, i.e., the FICZ precursor, before UVB irradiation and (ii) after treatment with FICZ itself. Both strategies yielded results which strongly imply that FICZ may be one of the photoproducts which can initiate UVB-induced signaling events (Fig. 3 and SI Fig. 11 ).
Conclusion
UVB radiation is well known to be responsible for solar radiation-induced skin damage, most importantly skin cancer and premature skin aging (photoaging) (49) . Further studies are therefore needed to define the actual contribution of UVB radiation-induced AhR activation to these detrimental effects. The UVB doses used in the present study are Ϸ1/3 of the dose that is required to induce a visible erythema in a fair skinned individual (one minimal erythema dose) and thus of physiological relevance. In addition, in the present study we have used HaCaT cells, i.e., a spontaneously immortalized keratinocyte cell line, which has been widely used as a model for human epidermal keratinocytes, because HaCaT cells have maintained their capacity to differentiate and to form a regularly stratified epidermis (50) . Also, studies employing AhR KO mice indicate a role for the AhR in UVB-induced signaling. It is thus conceivable to assume that exposure of human skin to solar radiation may have mechanistic consequences similar to those described here.
Methods
Reagents. The AhR antagonist 3Јmethoxy-4Јnitroflavone was kindly provided by G. Vielhaber (Symrise, Holzminden, Germany). FICZ was synthesized by J. Bergman and coworkers (Department of Biosciences and Nutrition, NOVUM, Karolinska Institutet). EGFR was activated by the addition of EGF (BioSource, Camarillo, CA) to the medium. All additional chemicals used (unless otherwise noted) were purchased from Sigma-Aldrich (Munich, Germany) and were of the highest purity available.
Cell Culture, UVB Irradiation, and Treatment with FICZ. The immortalized keratinocyte cell line HaCaT (a kind gift of P. Boukamp, Heidelberg, Germany) was cultured in DMEM (PAA, Pasching, Austria) with 10% FCS (PAA). Cell cycle synchronization was achieved by serum starvation for 24 h. This was applied to all experiments investigating EGFR signaling. Cells were exposed to UVB through PBS. For UVB irradiation, a TL20W/12RS lamp, four tubes in parallel connection (Philips, Eindhoven, The Netherlands) was used, which emits most of its energy in the UVB range (290-320 nm) with an emission peak at 310 nm. Sham-irradiated cells were subjected to the identical procedure without being UVB-exposed. For inhibition of the AhR, cells were treated for 1 h with 10 M MNF before irradiation. For inhibition of src kinases, cells were treated for 1 h with 10 M PP2 (Calbiochem, Darmstadt, Germany) before irradiation. FICZ treatment was carried out for indicated times and concentrations. Controls for MNF, PP2 or FICZ were subjected to respective DMSO concentrations. Cells were starved for tryptophan (Trp) by culturing them for 4 or 6 h in Trp-free medium (special design of PAA). For some conditions, 1 mM Trp was reintroduced 1 h before UVB irradiation. 
Preparation of Nuclear Extracts and Immunopreciptation.
A detailed description of the preparation of nuclear extracts and immunopreciptation is given in SI Methods.
Western Blot Analyses. Cells were lysed in Ripa buffer [PBS containing 1% Nonidet P-40, 0.1% SDS, 50 mM Na 3 VO 4 , and 0.2% Protease Inhibitor Mixture Set III from Calbiochem (Darmstadt, Germany)] on ice. The protein samples (cell lysates or immunoprecipitations) were subjected to SDS/10% PAGE and blotted onto nitrocellulose membranes. The blots were blocked with 5% skim milk in TBS-Tween 20 0.05% (TBS-T) at 4°C for 1 h and rinsed with TBS-T. They were incubated overnight with antibodies against AhR 1:1,000 (Affinity BioReagents, Golden, CO), phosphospecific Anti-ERK1&2 [pTpY 185/187 ] 1:1,000 (BioSource), anti-GAPDH ab8245 1:10,000 (Abcam, Cambridge, U.K.) or COX-2-specific polyclonal antibody PG27 1:1,000 (Oxford Biomedical Research, Oxford, MI) in 5% skim milk in TBS-T at 4°C, followed by washing with TBS-T. The blots were subsequently incubated for 1 h with a 1:5,000 dilution of horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) in 1% skim milk in TBS-T at room temperature, followed by washes with TBS-T. After a chemiluminescent reaction using the enhanced chemiluminescence detection system (Amersham Pharmacia Biotech), bands were visualized with the Fluor-S Multiimager (Bio-Rad, Munich, Germany).
Immunocytochemistry. Cells were grown on chamber slides. After cell cycle synchronization by serum deprivation for 24 h, they were exposed to 10 mJ/cm 2 UVB. 10, 30, 60, or 120 min after irradiation, cells were fixed for 10 min in 4% paraformaldehyde. Slides were incubated with a polyclonal anti-EGFR antibody (Upstate Biotechnology, Lake Placid, NY) for 1 h at 37°C in PBS-T (PBS containing 0,3% Triton X-100), followed by a 30-min incubation at 37°C with the rhodamine red-coupled secondary antibody. Fluorescent staining was visualized under a fluorescent microscope (Olympus, Hamburg, Germany), and photographs were taken with a ColorViewXS digital camera (Olympus).
Determination of Intracellular Tryptophan Concentration.
A detailed description of the determination of intracellular tryptophan concentration is given in SI Methods.
Identification of the AhR Ligand FICZ in Vivo. For the detection of FICZ, HaCaT cells were tryptophan-starved for 6 h. Subsequently, 1 mM [ 13 C 11 15 N 2 ]tryptophan was offered to the cells for 1 h. Cells were washed twice thoroughly with PBS to remove all extracellular tryptophan, irradiated with 60 mJ/cm 2 UVB, incubated at 37°C for 10 min, and harvested in ice-cold PBS on ice. After centrifugation, pelleted cells were stored at Ϫ80°C.
The cell pellet was extracted by water followed by acetonitril. The extracts were transferred onto an RP-18-phase SPE (250 ml/5 ml), and FICZ was eluted with acetonitril. The extract was evaporated in a gentle stream of nitrogen and finally reconstituted with 150 l of acetonitril/water (1/9). After filtration with a 0.45-m filter, the final solution was used for analysis of FICZ by HPLC tandem mass spectrometry. Twenty-five microliters of solid-phase extract were applied to a RP amide C16 column (15 cm ϫ 2.1 mm, 5 m) and eluted with a water/acetonitril gradient (solvent A: water/1% formic acid; solvent B: acetonitril/1% formic acid; gradient: 10% A to 90% B within 10 min, hold 90% B for 10 min). The flow rate was 0.15 ml/min, and oven temperature was 20°C. FICZ was detected by using a micromass tandem mass spectrometer (Quattro II) with electrospray positive mode, 3.0 kV capillary voltage, 55 V cone voltage, 120°C source temperature, and 280°C desolvation temperature. Animals. C57BL/6 mice were obtained from Janvier (Le GenestSt-Isle, France) and housed under standard conditions. AhR KO (C57BL/6-Ahr tmIBra ) animals generated by Christopher Bradfield [Schmidt et al. (20) ] were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in our animal house. Dorsal skin of wild-type and AhR KO C57BL/6 mice were shaved 24 h before exposure. Mice were irradiated dorsally with a single exposure of UVB (20 min 40 sec; 600 J/cm 2 ). Twelve hours after irradiation, mice were euthanized and skin samples excised. The animal experiments were performed according to the national animal care guidelines.
RNA Preparation and Expression of Cyp1a1 and Cox-2 mRNA in Mouse
Skin. A detailed description of RNA preparation and expression of Cyp1a1 and Cox-2 mRNA in mouse skin is given in SI Methods.
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